Microglial activation precedes acute
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suppressed by bone marrow transplantation
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Sandhoff disease is a lysosomal storage disorder characterized by
the absence of B-hexosaminidase and storage of Gmz ganglioside
and related glycolipids in the central nervous system. The glyco-
lipid storage causes severe neurodegeneration through a poorly
understood pathogenic mechanism. In symptomatic Sandhoff dis-
ease mice, apoptotic neuronal cell death was prominent in the
caudal regions of the brain. cDNA microarray analysis to monitor
gene expression during neuronal cell death revealed an up-
regulation of genes related to an inflammatory process dominated
by activated microglia. Activated microglial expansion, based on
gene expression and histologic analysis, was found to precede
massive neuronal death. Extensive microglia activation also was
detected in a human case of Sandhoff disease. Bone marrow
transplantation of Sandhoff disease mice suppressed both the
explosive expansion of activated microglia and the neuronal cell
death without detectable decreases in neuronal Gy ganglioside
storage. These results suggest a mechanism of neurodegeneration
that includes a vigorous inflammatory response as an important
component. Thus, this lysosomal storage disease has parallels to
other neurodegenerative disorders, such as Alzheimer’s and prion
diseases, where inflammatory processes are believed to participate
directly in neuronal cell death.
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lycolipid storage diseases are caused by inherited defects in

enzyme systems necessary for the lysosomal degradation of
glycosphingolipids (1). In these disorders, undegraded glycolip-
ids accumulate progressively in lysosomes, eventually triggering
pathways leading to cellular dysfunction. In many of the disor-
ders, central nervous system (CNS) dysfunction and degenera-
tion are principal manifestations and the cause of mortality.

Tay-Sachs disease and Sandhoff disease are glycolipid storage
diseases caused by the lack of lysosomal B-hexosaminidase (2).
In both disorders, Gy, ganglioside and related glycolipids—
substrates for B-hexosaminidase—accumulate in the nervous
system and trigger acute neurodegeneration. In the most severe
forms, the onset of symptoms begins in early infancy. A precip-
itous neurodegenerative course then ensues, with affected in-
fants exhibiting motor dysfunction, seizure, visual loss, and
deafness. Death usually occurs by 2-5 years of age. Neuronal loss
through an apoptotic mechanism has been demonstrated (3).
However, it is not known how excess accumulation of glycolipids
ultimately leads to cell death.

Neuronal apoptosis occurs in a number of neurodegenerative
diseases, including Alzheimer’s disease (4, 5), prion diseases (6,
7), and HIV-dementia (8). In each, an inflammatory process in
the CNS is believed to play an important role in the pathway
leading to neuronal cell death. The inflammatory response is
mediated by microglia—bone marrow-derived cells that nor-
mally sense and respond to neuronal damage and remove the
damaged cells by phagocytosis (9). However, in pathologic
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circumstances activated microglia can cause neuronal damage
through the expression of inflammatory mediators (6, 10-13).

In this study, we demonstrate an intense CNS inflammatory
reaction in both human and murine Sandhoff disease. In mice,
activated microglia are present before the acute phase of disease
in regions that eventually show a high degree of apoptosis. Bone
marrow transplantation (BMT) to introduce normal microglia
into the CNS suppressed the expansion of activated microglia
and neuronal apoptosis without demonstrable changes in Guma
ganglioside storage in neurons. The results are consistent with a
model of pathogenesis in which a severe inflammatory response
compounds the primary neuronal insult of glycolipid storage and
triggers acute neurodegeneration.

Methods

Animals. Sandhoff disease model mice were developed by dis-
ruption of the Hexb gene as described (14). The Hexb genotype
was determined by PCR by using mouse-tail DNA and by
determination of B-hexosaminidase levels in mouse-tail extracts
(14, 15). Bone marrow transplantation was done between 10 and
16 days as described previously (15).

cDNA Microarray Analysis. Pooled spinal cord mRNA samples
were obtained from three Sandhoff disease mice and from three
strain-matched, wild-type mice. All mice were 4 months old at
the time of sacrifice. Total RNA was purified with Trizol solution
(GIBCO/BRL). Poly(A) mRNA was purified by using the
Qiagen Oligotex mRNA purification kit (Qiagen, Chatsworth,
CA). The poly(A) mRNA samples (200 ng) from wild-type and
Sandhoff disease mice were labeled with Cy3 and Cy5 fluores-
cence dyes, respectively, by reverse transcription. Then, the
probes were hybridized to the mouse GEM1 microarray (Ge-
nome Systems, St. Louis; http: / /www.genomesystems.com /ex-
pression/mousegem1.html). The chip has 8,734 elements rep-
resenting 7,854 unique mouse genes. Gene expression levels
were expressed as a ratio balanced with a coefficient obtained
from a control chip.

Quantitative mRNA Analysis by Real-Time PCR. nRNA gene expres-
sion levels were determined after reverse transcription by real-
time PCR by using an ABI PRISM 7700 Sequence Detection
System (Perkin-Elmer). For tumor necrosis factor-a (TNF-a),
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the TagMan Pre-Developed Assay Reagent kit for murine
TNF-« (Perkin-Elmer) was used. For the genes listed below, the
relative expression was determined by using the SYBR Green
PCR kit (Perkin—Elmer). The primer sets [Forward (F) and
Reverse (R)] used for these assays were: 5'-TTCTGGAA-
GCCCATTACACAAAC-3" (B lymphocyte chemoattractant,
F), 5'-GCGTAACTTGAATCCGATCTATGAT-3" (R); 5'-
CGACGCCAGCCATTCCT-3' (Cathepsin S, F), 5'-TCCCAT-
AGCCAACCACAAGAA-3" (R); 5'-ATGGACAGCTTAC-
CTTTGGATTCA-3' (CD68, F), 5'-TGCCTGTGGGAAGGA-
CACAT-3" (R); 5'-AATCGCTGCTGGTTGAATACAG-3’
(F4/80, F), 5'-CCAGGCAAGGAGGACAGAGTT-3' (R); 5'-
AGTATGGTTTCACGTTCATGTGTCA-3' (Macrophage ex-
pressed gene 1, F), 5'-GTGCACCCTCAGCTGTGGTA-3' (R);
5'-CTCCTGAGTGAGGCTGAAATCA-3" (Mac-1 alpha sub-
unit, F), 5'-TTATACATCTCCAGCACTGTCTTCGT-3" (R);
5'-CAGGAAAATGGCAGACAGCTT-3' [Galectin 3 (Mac-2),
F], 5'-CCCATGCACCCGGATATC-3' (R); 5'-GCTGGT-
GCCTGACCCATCT-3" (Secreted phosphoprotein 1, F),
5'-TTCATTGGAATTGCTTGGAAGA-3" (R); and 5'-
AAAACCAGTGTGAGACCAAGATCAT-3" (Prostaglandin
D2 synthetase, F), 5'-CACTGACACGGAGTGGATG-
CT-3" (R).

cDNA was synthesized from total RNA by reverse transcriptase
reaction by using Superscript II kit (GIBCO/BRL). cDNA syn-
thesized from 1 ug of total RNA for TNF-« and 10 ng of total RNA
for other genes was used as template in each reaction. For stan-
dardization of quantitation, glyceraldehyde-3-phosphate dehydro-
genase was amplified simultaneously. The change of reporter
fluorescence from each reaction tube was monitored by ABI
PRISM 7700 Sequence Detection System. The threshold cycle of
each gene was determined as PCR cycles at which an increase in
reporter fluorescence above a baseline signal. The difference in
threshold cycles between the target gene and glyceraldehyde-3-
phosphate dehydrogenase gives the standardized expression level
(dCt). Subtraction of dCt of control mice from dCt of Sandhoff
disease mice gives the ddCt value that was used to calculate relative
expression levels in Sandhoff disease mice with the formula 2744,
The expression levels of each gene were expressed as fold increase
in Sandhoff disease mice compared with control mice. Experiments
were done in three Sandhoff disease mice and three control mice
at 1, 2, 3, and 4 months of age.

Pathology. Three to four Sandhoff disease mice, age-matched
control mice at 1, 2, 3, and 4 months of age, and 4-month-old
Sandhoff disease mice transplanted with wild-type bone marrow
were used for pathologic analysis. The mice were perfused with
10% buffered formalin, and brain and spinal cord were removed.
Semisequential coronal sections of the brain (six sections) and
spinal cord (eight sections) were made from each mouse and
processed for embedding in paraffin. Sections (4 um thick) were
stained with hematoxylin and eosin and used for immunostain-
ing. For frozen sections, brain and spinal cord were obtained
from 4-month-old Sandhoff disease mice, control mice, and
disease mice transplanted with bone marrow. Tissues were
embedded in OCT compound (Sakura Finetek, Torrance, CA)
and quickly frozen in liquid nitrogen. Frozen sections (7 um
thick) were prepared with a cryostat. Brain regions were iden-
tified based on stereotaxic coordinates.

Apoptosis was detected by in situ terminal deoxynucleotidyl-
transferase-mediated dUTP nick end labeling (TUNEL) method
by using an ApopTag kit (Intergen, Purchase, NY).

For immunostaining, paraffinized and rehydrated sections
were treated with trypsin and then were incubated with rat
anti-F4 /80 antibody, rabbit anti-TNF-«a antibody (BioSource
International, Camarillo, CA), or mouse antiphosphotyrosine
antibody (Santa Cruz Biotechnology) overnight at 4°C. The
washed sections were incubated with biotinylated anti-rabbit Ig
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Fig. 1. Apoptosis in Sandhoff disease mice. (a) Apoptotic cell death in

thalamic nucleus of 4-month-old Sandhoff disease mouse was detected by the
in situ TUNEL method. (Bar = 20 um.) (b) Incidence of apoptotic cell death in
brainstem including thalamic nuclei (BS) and spinal cord (SC) of Sandhoff
disease mice. The TUNEL-positive cells were counted in semisequential coronal
sections of brain and spinal cord. Data are mean = SEM (n = 3-4).

antibody (BioSource International) or anti-rat Ig antibody
(Dako) and subsequently incubated with streptavidin—
peroxidase complex. Sections for phosphotyrosine detection
were incubated with FITC-labeled goat anti-mouse IgG antibody
(Sigma). For staining with Griffonia simplicifolia isolectin By
(GSIBy), deparaffinized sections were incubated with peroxi-
dase-labeled GSIB4 overnight (16). Peroxidase reaction was
visualized by diaminobenzidine and hydrogen peroxide. Immu-
nostaining of Gy, ganglioside was done on frozen sections of the
brain and spinal cord as described (17).

Histological and Biochemical Studies on Human Sandhoff Disease.
Frozen and paraffin-embedded brain tissues of a 16-month-old
Sandhoff disease patient were obtained from The University of
Miami, Brain and Tissue Bank for Development Disorders. Spec-
imens from the cerebral cortex, thalamic nucleus, and brainstem of
Sandhoff disease patients were used for the study. For control
samples, brain specimens from a 9-month-old child who died in an
accident were obtained from the Brain and Tissue Bank. Immu-
nostaining of CD68 (Dako) (18) and phosphotyrosine and detec-
tion of apoptotic cell death were done described as above. Expres-
sion levels of TNF-a mRNA were determined by real-time reverse
transcription—-PCR, using Pre-Developed TagMan Assay Reagent
kits for human TNF-« and human glyceraldehyde-3-phosphate
dehydrogenase (Perkin—Elmer) as described above.

To determine chitotriosidase activity, frozen brain tissues
were homogenized in PBS containing 0.5% Triton X-100. Twen-
ty-five microliters of homogenate supernatant was incubated
with 100 ul of 0.1 M citric acid /0.2 M sodium phosphate buffer
(pH 5.2) containing 22 uM 4-methylumbelliferyl (4-MU)-B-D-
N,N',N"-triacetylchitotrioside (Sigma) at 37°C for an hour (19).
Reaction was stopped with 1 ml of 0.2 M glycine/NaOH (pH
10.6). Fluorescent 4-MU was measured with a fluorometer.
Protein concentration was determined by the Protein Assay Kit
(Bio-Rad). Enzymatic activity was expressed as nanomoles of
converted 4-MU per hour per mg protein.

Results

Neuronal Apoptosis. Symptomatic Sandhoff disease mice have
been reported to exhibit neuronal apoptosis (3). We surveyed
brain regions for apoptotic cells in presymptomatic mice (1 and
2 months of age), in mice at the beginning of an acute decline in
motor function (3 months of age), and in severely symptomatic
mice (4 months of age) (Fig. 1). During the peak of the disease
at 4-4.5 months of age, the mice exhibit tremor, severe ataxia,
and muscle weakness. At 1 and 2 months of age, no apoptotic
neurons were detected. At 3 months of age, rare apoptotic
neurons were detected in the spinal cord, brainstem, and the
thalamus. At 4 months of age, the number of apoptotic neurons
had increased dramatically in these regions. Apoptotic neurons
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Table 1. Genes up-regulated in the spinal cord of Sandhoff
disease mice

GenBank

accession Expression

no. ratio Genes

AA152885 8.0 B lymphocyte chemoattractant (BLC)

AA178121 5.5 Cathepsin S

AA210495 5.0 Serine protease inhibitor 2-1

AA051654 4.9 Metallothionein 1

AA2432315 4.7 TYRO protein tyrosine kinase-binding protein
AA423373 4.5 Glycoprotein 49 A

AA220007 4.5 CD68

AA241784 4.0 Insulin-like growth factor-binding protein 5
AA000461 4.0 Complement component 1, q subcomg ¢ polypeptid
AA259340 39 ESTs, weakly similar to retinal short-chain dehydrogenase/reductase
W83447 3.9 Serine protease inhibitor 2-1

AA277451 3.8 IIGP protein

AA064247 37 Metallothionein 1

W89253 3.6 Insulin-like growth factor-binding protein 5
AA267952 3.6 Calcyclin

AA269575 35 Nuclear receptor-binding SET-domain protein 1
AA268219 3.3 Macrophage expressed gene 1

AA178276 3.2 ESTs, moderately similar to Mac-1 « subunit
AA462611 31 ESTs, weakly similar to dual-specificity protein phosphatase 2
AA403841 3.0 Galectin 3 (Mac-2)

AA466432 3.0 $100 calcium-binding protein A1

AA108857 2.7 Prostaglandin D2 synthase (21 kDa, brain)
AA119121 27 Annexin A3

AA119293 2.6 Small inducible cytokine A6

AA064307 2.6 ESTs, highly similar to CD34

AA259979 2.6 Angiotensinogen

AA396152 25 ESTs, similar to CD44

AA017875 25 ESTs, weakly similar to cytoskeletal P17 protein
AA122791 24 Histocompatibility 2, Q region locus 7

AA259959 24 D37

AA261393 24 ESTs, highly similar to complement C1r component
W98963 24 D9

AA253938 24 ESTs, moderately similar to hypothetical 167.8 KDa protein
W78651 2.3 Cystatin 3

W09925 23 Creatine kinase, brain

AA212780 23 Nip2|

AA175441 2.3 Glycoprotein galactosyltransferase alpha 1, 3
AA145820 2.3 ESTs, weakly similar to coded for by C. elegans cDNA yk13g5.3
AA538511 2.2 Histocompatibility 2, L region

AA237828 2.2 Protein S (alpha)

AA543497 2.2 Ciliary neurotropic factor

AA230451 2.2 Calgranulin A

W82159 2.2 Fc receptor, IgG, low-affinity Ill

W82946 2.2 Benzodiazepine receptor, peripheral

AA108928 21 Secreted phospl otein 1 (O in)
AA002514 2.1 Brain lipid-binding protein

AA003904 2.1 Thrombospondin 2

AA038657 2.1 TG interacting factor

W66661 2.1 ESTs, moderately similar to membrane-associated protein HEM-2
AA475774 21 Cathepsin C

AA275763 2.1 Uridine monophosphate kinase

AA063753 2.1 ATP-binding cassette 1

AA266002 2.0 B-cell leukemia/lymphoma 3

AA237378 2.0 Extracellular matrix protein 1

W83609 2.0 Retinol binding protein 1, cellular

AA145856 2.0 Repeat-family 3 gene

AA017918 2.0 ESTs, highly similar to dJ465N24.1

AA016374 2.0 ESTs, highly similar to a-2-macroglobulin

W62819 2.0 Neuronal protein 3.1

AA222201 2.0 Butyrate response factor 1

AA034857 2.0 RNA-binding motif protein 3

AA175510 2.0 RAB1, member RAS oncogene family

AA109684 2.0 Cytochrome P450, 4a10

wW17771 2.0 Cathelin-like protein

AA212896 2.0 EGF-like module sequence 1, similar to F4/80 antigen
AA467383 2.0 ESTs, similar to a-crystallin-related protein
AA254511 2.0 ESTs, highly similar to Zinc finger protein 183
AA186012 2.0 Histocompatibility 2, Q region locus 7

Listed are known genes that are up-regulated by 2-fold or greater in the
spinal cord of 4-month-old Sandhoff disease mice. The expression ratio was
calculated by dividing fluorescence intensity (FI) of gene elements in Sandhoff
disease mice by Fl of gene elements in control mice. The genesin bold type are
expressed in the macrophage/microglia lineage or are indicative of an inflam-
matory reaction. EST, expressed sequence tag.
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were not detectable in cerebral cortex and cerebellum in
4-month-old mice even though glycolipid storage was abundant
in these regions. In control mice, apoptotic neurons were not
detected.

Messenger RNA Expression Profile in Sandhoff Disease Mice. In an
attempt to understand the molecular basis underlying the neu-
ronal apoptosis, we performed cDNA microarray analysis (20) to
identify the changes in gene expression that accompanied the
neuronal cell death in spinal cord. Spinal cord mRNA samples
from 4-month-old wild-type and Sandhoff mice were labeled
with Cy3 and Cy5 fluorescent dyes, respectively, and hybridized
to a ¢cDNA microarray containing 7,854 unique mouse gene
sequences. Eighty-nine, or about 1% of the elements monitored,
were expressed at a 2.0-fold or greater level in the spinal cord of
the Sandhoff disease mice compared with spinal cord of control
mice. Sixty-eight of these up-regulated elements were known
genes (Table 1). The others represented, as yet, unidentified
expressed sequence tags. Just 16 elements were down-regulated
by 2.0-fold or more (not shown). The expression profile of
up-regulated genes was dominated by genes characteristic of an
inflammatory response. Many of these genes are expressed by
the macrophage /microglia® lineage such as CD68 (21), Mac-1
a-subunit (22), galectin3 (Mac-2) (23), and epidermal growth
factor-like module containing receptor similar to F4 /80 antigen
(24), macrophage-expressed gene 1 (25), annexin 3 (26), and the
secreted phosphoproteinl (osteopontin) (27). Other up-
regulated genes were characteristic of macrophage/microglial
activation. These included genes encoding cathepsin S (28), Fc
receptor, complement components, and major histocompatibil-
ity complex 2 genes (29, 30).

The 16 genes found to be down-regulated by more than 2-fold
included an expressed sequence tag clone highly homologous to
mouse peripheral myelin protein (GenBank accession nos.
W65570 and AA097191).

To confirm the microarray results, which indicated genes related
to a macrophage-mediated inflammatory response were elevated,
we measured the relative expression of a subset of these genes by
real-time PCR (Table 2). Expression was determined in spinal cord
at 1, 2, 3, and 4 months of age. Each of these genes showed a
time-dependent increase of expression in Sandhoff mice compared
with controls confirming the microarray results. Elevations in
expression of the majority of the genes were seen as early as 1 or
2 months, indicating that the altered gene expression began before
detectable neuronal apoptosis and acute disease symptoms.

Microglial Activation and Expansion. The gene expression profile of
the spinal cord prompted us to undertake a histologic investi-
gation to both confirm and characterize the possible activated
microglial response during the disease process.

A survey of microglia in Sandhoff mice was performed at 1,
2, 3, and 4 months of age by using antibody to macrophage
marker F4/80 and GSIB4, which intensely stains activated
microglia (16) (Fig. 2). In control mice, microglia had a ramified
structure with fine processes—a morphology associated with a
quiescent state (Fig. 2b). In Sandhoff mice at 1 month of age,
only a few microglia were amoeboid in shape—a morphology
associated with an activated state—and stained with GSIBy4.
These cells were noted around the blood vessels in the spinal
cord. At 2 months of age, activated microglia could be identified
around the blood vessels throughout the CNS; however, acti-
vated microglia were rare in the parenchyma of the spinal cord,
brainstem, and thalamus. At 3 months of age, amoeboid micro-
glia were increased in number in parenchyma of spinal cord,

SMicroglia will be defined operationally as cells of the macrophage lineage that are found
in the CNS.
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Table 2. Gene expression in spinal cord of Sandhoff disease mice

1™ 2M 3M a4M
B lymphocyte 13203 20*+0.7 276=*=80 763=300
chemoattractant
Cathepsin S 1.5+03 20=*=0.5 42 +05 6.1 £0.3
CD68 1.7+0.1 3.0x07 107x21 151=x1.6
F4/80 1.7+0.1 28=*04 55*13 5.0 0.7
Macrophage- 22+03 34=*07 92+14 142+038
expressed gene 1
Mac-1 a-subunit 20*+03 55*20 486=*=79 39.7*16
Galectin 3 (Mac-2) 1.6+03 27+06 142=*12 16.0=0.3
Secreted 1.0+0.1 1302 29+=03 24 +03
phosphoprotein 1
Prostaglandin D2 19+03 22=*=06 23+0.6 36 1.2

synthase

The expression levels of mRNAs were measured by real-time PCR. The expres-
sion levels were standardized by expression levels of glyceraldehyde-3-phosphate
dehydrogenase. The values represent relative expression levels of genes (fold-
increase) in spinal cord of Sandhoff disease mice at 1, 2, 3, and 4 months (M) of age
compared with age-matched control mice. Data are mean = SEM (n = 3).

brainstem, and thalamus (Fig. 2¢). At 4 months of age, the
population of amoeboid microglial cells in these brain regions
had expanded further (Fig. 2 a, ¢, and e). The activated status of
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Fig. 2. Microglia activation and expansion in Sandhoff disease mice. Immu-

nostaining with anti-F4 /80 antibody shows amoeboid microglia in the brain-
stem of 4-month-old Sandhoff disease mouse (a) and ramified microglia in the
brainstem of age-matched control mouse (b). Staining with GSIB; shows
amoeboid microglia in the spinal cord of a 4-month-old Sandhoff disease
mouse (c) but not in a control mouse (d). (Bar = 20 um.) (e) Quantitation of
GSIB4-positive microglia in brainstem (BS) and spinal cord (SC) of Sandhoff
mice. The GSIB4-positive cells were counted in semisequential sections of brain
and spinal cord. Data are mean = SEM (n = 3-4). (f) TNF-a mRNA expression
levels in the spinal cord of Sandhoff disease mice compared with age-matched
control mice. (SD). Data are mean += SEM (n = 3).
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Fig.3. Microglia activation and expansion in a Sandhoff disease patient. (a)

Hematoxylin and eosin staining of section of thalamus from the Sandhoff
disease patient. Arrows indicate neuronal cells with storage of gangliosides.
(b) TUNEL staining of the cerebral cortex of the patient. Arrow indicates
TUNEL-positive neuronal cells. (c) Immunostaining of thalamic nucleus with
anti-CD68 antibody. Arrows indicate CD68-positive microglia. [Bar = 20 um
(a-c).] (d) Immunofluorescent staining of the cerebellum with antiphospho-
tyrosine antibody. Arrows indicate activated microglia intensely stained with
antiphosphotyrosine antibody. (Bar = 50 um.) (e) Chitotriosidase activity of
brain regions from control (C) and from the Sandhoff disease patient (SD). The
activity is elevated in the cerebral cortex (CT), thalamic nucleus (TN), and
brainstem (BS) of a Sandhoff disease patient. (f) TNF-a mRNA expression levels
in control (C) and in the Sandhoff disease patient (SD). The expression levels
are elevated in thalamic nucleus (TN) and brainstem (BS) but not in the
cerebral cortex (CT) of the Sandhoff disease patient.

the cells also was confirmed by the intense staining of the
microglia with antibody to phosphotyrosine (31) and to the
proinflammatory cytokine TNF-a (not shown). Amoeboid mi-
croglia were not found in the parenchyma of cerebellum or
cerebral cortex of Sandhoff disease mice.

TNF-a gene expression was determined in the spinal cord of
Sandhoff disease mice by real-time reverse transcription-PCR.
At 2 months of age, TNF-a levels were elevated by 2-fold over
control mice. Expression was elevated 7-fold at 3 months and
increased to 15-fold at 4 months of age (Fig. 2f).

Microglial Activation in a Sandhoff Disease Patient. To determine
whether a comparable inflammatory reaction was present in the
human disorder, brain samples from a Sandhoff disease patient
were examined histologically and biochemically. Neurons
throughout the brain of the patient were distended with gangli-
oside storage (Fig. 3a), and neuronal loss was evident. Apoptotic
death was detected in the cortex, brainstem, thalamus, and
cerebellum (Fig. 3b), as had been described previously (3).
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Fig.4. Reduction of activated microglia, neuronal apoptosis, but not Gy, storage
in bone marrow-transplanted Sandhoff disease mice. Untreated 4-month-old Sand-
hoff disease mouse [SD (g, ¢, and e)] and bone marrow-transplanted Sandhoff disease
mouse [BMT-SD (b, d, and f)] were analyzed. (a and b) Immunostaining with anti-Gn
ganglioside antibody. (Bar = 50 um.) (c and d) TUNEL staining of thalamic nuclei.
Arrows indicate apoptotic cells. (Bar = 50 um.) (e and f) Staining with GSIB4. Arrows
indicate GSIBs-positive cells. (Bar = 20 um.)

Numerous CD68-positive microglia were found throughout
the CNS of the Sandhoff disease patient (Fig. 3c). They were a
plump, amoeboid shape, with inconspicuous processes. These
cells immunostained intensely with antiphosphotyrosine anti-
body (Fig. 3d), indicating an activated state.

Chitotriosidase expression has been shown to be a marker for
peripheral macrophage activation in Gaucher disease (19). We
found extremely high levels of chitotriosidase activity in the brain
samples of the Sandhoff disease patient with approximately
200-fold elevations in the thalamic nuclei and brainstem and with
a 25-fold increase in the cerebral cortex, compared with control
(Fig. 3e). Elevated TNF-a gene expression was found in the
thalamic nucleus (=~14-fold) and brainstem (=~3-fold) (Fig. 3f).

Sandhoff Disease Mice Treated with BMT. BMT extends the lifespan
of Sandhoff mice and ameliorates neurologic symptoms (15).
Immunostaining of spinal cord, brainstem, and thalamus with
antibody to Gy, ganglioside to visualize neuronal storage revealed
no difference in staining intensity between untreated Sandhoff
mice and those treated by BMT (Fig. 4 a and b). These results are
in agreement with previous data that showed similar glycolipid
levels in the CNS of BMT-treated and untreated Sandhoff mice
(15). At 4 months of age, apoptotic death was virtually absent in the
spinal cord, brainstem, and thalamus of BMT-treated Sandhoff
mice compared with the abundant apoptosis in untreated mice (Fig.
4 ¢ and d). In the spinal cord of 4-month-old untreated Sandhoff
disease mice, amoeboid microglia were numerous. In BMT-treated
Sandhoff mice, the activated, amoeboid microglia were present at
a much lower density (Fig. 4 e and f). There was a 78% decrease
in the number of activated microglia in spinal cord and a 91%
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decrease in brainstem of BMT-treated Sandhoff mice compared
with untreated mice.

Discussion

After the initial onset of symptoms, the Gy, gangliosidoses are
characterized by a precipitous neurodegenerative course, leading
rapidly to death. Using a mouse model of Sandhoff disease, we
studied the temporal relationship of neuronal apoptosis to disease
progression. Before 3 months of age, the Sandhoff mice are
relatively free of a disease phenotype. At about 3 months of age, the
mice begin a rapid decline in motor function, culminating in a
moribund condition by 4.5 months. We found that the first detect-
able neuronal apoptosis coincided with the beginning of the rapid,
degenerative phase of the disease. By 4 months, near the nadir of
the disease process, the apoptotic neurons were relatively frequent.
Although glycolipid storage occurred in virtually all neurons,
apoptotic cell death was concentrated in caudal regions of the
CNS—in spinal cord, brainstem, and thalamus.

The pattern of genes overexpressed in the spinal cord of
symptomatic Sandhoff disease mice indicated the presence of
activated microglia. Histological evaluation and gene expression
measurements confirmed their presence as early as 1-2 months
of age and with elevated levels at 3 months of age. The results
indicate that activated microglia were not simply a reaction to
massive cell death at the terminal stage of the disease. Activated
microglia were present in the same regions—spinal cord, brain-
stem, and thalamus—that eventually demonstrated a high degree
of cell death. These activated microglia produced TNF-q, a
proinflammatory cytokine that has been shown to have both
neurotoxic and neuroprotective effects (32, 33).

Although extremely helpful in directing our attention to the
intense inflammatory response, the microarray data mirrored
the information gleaned from the histologic analysis of the
Sandhoff disease mice. The microarray data were also provided
with a set of genes that allowed for the temporal quantitation of
the inflammatory reaction during the disease process and con-
firmed an early macrophage expansion. Ultimately, these over-
expressed genes may be useful as surrogate markers to chart the
course of the disease.

In Sandhoff disease mice, BMT improves neurological symp-
toms and prolongs lifespan (15). The procedure results in the
infiltration of B-hexosaminidase-positive microglia into predom-
inately the same regions that suffer from the highest degree of
apoptotic cell death in untreated mice (34). Microglial activation
and neuronal cell death was largely suppressed by BMT. The
clinical improvement does not appear to be a result of the
removal of a radiosensitive cell by the irradiation given during
BMT because Sandhoff mice transplanted with Sandhoff bone
marrow showed no neurologic improvement and no lengthening
of lifespan (data not shown). In other storage diseases, BMT has
been shown to reduce neuronal storage through transfer of
lysosomal enzymes into neurons by infiltrating microglia (35, 36).
In BMT-treated Sandhoff disease mice, B-hexosaminidase-
positive neurons could not be detected although enzyme-positive
microglia could be found (34). A decrease in neuronal G
ganglioside storage in spinal cord and brainstem was not detect-
able by immunostaining.

Based on our results, we suggest a pathogenic mechanism in
which a relentlessly increasing inflammatory response actively
participates in a pathway of acute neurodegeneration (Fig. 5). In
this model, glycolipid accumulation is the primary insult to
neurons, which undoubtedly causes dysfunction and damage.
Microglia recognize damaged and dying neurons and remove
them by phagocytosis. Such a process may be expected to elicit
an inflammatory reaction to some degree. However, the process
is greatly exacerbated by the inability of the microglia to degrade
the endocytosed glycolipids because of their own enzyme defi-
ciency. As a result, blood-borne microglial precursors are re-
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Fig. 5. Model for acute neurodegeneration in Gy, gangliosidoses. In this
model, storage of Gy, ganglioside and related glycolipids causes primary neu-
ronal damage. Microglia recognize damaged and dying neurons and remove
them by phagocytosis. The inability of the enzyme-deficient microglia to catab-
olize endocytosed glycolipid leads to their activation and the recruitment of
additional microglial precursors from blood. The large expansion of the activated
microglial population produces neurotoxic mediators, which provides an addi-
tional insult to the neurons already stressed by glycolipid storage, resulting in
widespread neuronal apoptosis. BMT may disrupt this pathway through the
introduction of normal microglia into the CNS. These normal microglia can
effectively remove the neurons damaged by storage and, thus, temporarily
suppress the recruitment and expansion of the activated microglial population.

cruited continuously by activated, lipid-laden microglia in the
CNS in an attempt to manage the neuronal damage. The
expansion of activated microglia could trigger cell death in
neurons already compromised by excessive storage through
expression of neurotoxic cytokines and other mediators (30).
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BMT suppresses this inflammatory pathogenic process by the
infiltration of normal microglia into the CNS (34, 37). These
enzyme-competent microglia are fully functional and are able to
remove damaged storage neurons. The ability of functional
microglia to handle the neuronal damage suppresses the explo-
sive expansion of activated microglia seen in untreated mice.
This retards the neurodegenerative process by reducing the
neuronal insult from the excessive inflammatory response.

Neuronal apoptosis has been shown to underlie several neuro-
degenerative diseases including Alzheimer’s disease (4, 5), prion
diseases (6, 7), and HI'V-dementia (8, 38). In each, there is strong
evidence for an inflammatory response involving microglial acti-
vation that leads to neuronal apoptosis. Activated microglia express
potentially neurotoxic cytokines and substances such as TNF-q,
proteases, oxyradicals, and small reactive molecules (30). Our study
on the human case of Sandhoff disease was, by necessity, at the
terminal stage of the disorder. However, intense microglial activa-
tion was detected along with elevated TNF-« levels. It now will be
of interest to determine whether other storage diseases with a
neurodegenerative component also develop an aggressive inflam-
matory response early in the disease process.

Because of the relentless progression of neuronal glycolipid
storage, antiinflammatory agents alone would not be expected to
halt the disease process in the infantile Gyo gangliosidoses.
However, combination therapies that could lower the storage
burden and the inflammatory process may be contemplated.
Finally, it will be important to investigate the pathogenesis of the
more slowly progressing, late-onset forms of Tay-Sachs and
Sandhoff disease for an inflammatory component. If present,
then a therapy to reduce the inflammatory response may be
beneficial in these chronic diseases.
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